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1. Introduction
“Now that you’ve finished your meal,” I began, “there’s a few things we need to talk
about. Let’s take things in order, starting from the top. Like, what is it you were
trying to do? What did you do? What was the result? And where does that leave
me?”
“I believe you’ll find it all rather technical,” the Professor said evasively.
– Haruki Murakami, Hard Boiled Wonderland and the End of the World
1.1. Background
As an undergraduate, I spent time from 2010 to 2013 at Cal Poly, Laboratori Nazionali delGran Sasso (LNGS) and Lawrence Berkeley National Laboratory (LBNL) working with
the Cryogenic Underground Observatory for Rare Events (CUORE). CUORE is a multinational
collaboration of physicists in search of a nuclear decay known as neutrinoless double-beta decay
in the isotope 130Te. This decay has been predicted to be theoretically possible if a particle
known as the neutrino is its own antiparticle. While this may sound strange (or perhaps absurd),
there is no physical reason a particle cannot be its own antiparticle. The familiar photon, the
quantum element of light, for example, is its own antiparticle1. In fact, there exists an entire
(theoretical) class of massive particles who are their own antiparticles known as “Majorana
Fermions.” In order to more fully understand this however, a more thorough explanation of the
Standard Model of particle physics must be given.
If this decay is indeed possible, it is predicted to be an exceptionally rare event. The half-life
of the event is expected to be roughly 1025 years [1] – for perspective, consider that the age of the
universe has been demonstrated to be approximately 13 Gigayears [2], or roughly 1010 years, so
this decay would occur on timescales of approximately 1015 (a million billion) universe lifetimes!
Plate tectonics and the lives of stars are highly dynamic processes by comparison. Rather than
waiting cosmic timescales for the event to occur we can simply recognize the statistical statement
given by this situation, and look at very large numbers of source atoms. It may be that any
given single atom might not decay for a long time, but the relevant statistic is given by the
half-life. In one half-lifetime, half of any sample will have decayed. When assembled, CUORE
will contain roughly 200 kg of 130Te, which is on the order of 1027 atoms of 130Te. As is described
in Appendix B, this would experimentally produce roughly one decay every five days, still a
very low decay rate. It is for this reason that CUORE is particularly susceptible to dangers of
high background signals, which can quickly overwhelm the intended decay signal. Much of the
1This is admittedly a different problem, however, because the photon is massless.
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work I and others have done for CUORE involved background characterization and reduction
techniques.
CUORE is the result of a series of detectors built for rare event measurements. More than 20
years ago, the Milano Double-Beta Decay group began constructing detectors for this purpose.
Eventually this group evolved into CUORE, which first produced Cuoricino, a single tower
containing 62 TeO2 crystals. Cuoricino sets the current best limit on the half-life of neutrinoless
double-beta decay in 130Te [3]. Following Cuoricino, the CUORE group assembled the Three
Towers Test (TTT) in which different cleaning techniques were performed on each of three towers,
and the results were compared. This led to the techniques that are now used for the preparation
of CUORE towers. At present, a single tower of CUORE, known as CUORE-0, is running and
beginning to take data. The final CUORE detector will consist of 19 towers of 52 crystals, or
988 crystals.
1.2. Motivation
Fundamental scientific research is essential for improving the technology and the capabilities of
humankind. Faraday, for example, could not possibly have understood the ultimate impact of
his work on induction and lines of force2. Glashow [4] and others have argued that, were Faraday
and other such luminaries concerned with solving the practical problems of their respective days,
they would never have had the luxury of making the discoveries they are most famous for. It is
through creative scientific exploration that we yield the ultimate results of these efforts.
While it is reasonable to claim that any fundamental science topic is inherently interesting
(and worthy of pursuit), it is possible in this case to give additional motivation for researching
neutrinoless double-beta decay; we can provide this more fundable motivation from a scientific
perspective.
When initially approaching any field it is first valuable to question just what you are dealing
with; what is known, and what areas are principally able to be known. In the cases of nuclear
and particle physics, this is a complicated question, as there are many experimental rocks to
overturn, and a zoo of particles with a variety of fundamental parameters and laws to describe
them all – these are described by the Standard Model of particle physics. We are interested in
the fundamental characteristics of neutrinos (further discussion in Section 1.3.1).
From neutrino oscillation experiments [5], we know that neutrinos are massive3. In the 1940s,
it was predicted that there were different flavors of neutrinos, and it was shown in the 1960s that
these flavors do in fact exist [5]. Unfortunately, the neutrino oscillation experiments gave only the
difference of the squares of the value of each of the three states of definite mass of the neutrino,
rather than the absolute masses themselves4. The decay rate of neutrinoless double-beta decay,
which would be given by the experimental results of CUORE, would give the neutrino mass
eigenstates directly.
This decay is disallowed by the Standard Model, as it violates a conserved quantity known
as lepton number, so its observation would be an absolute display of the inadequacy of this
2His work inspired Maxwell to create his famous set of equations, which in turn, inspired Einstein to formulate
special relativity.
3That is to say that neutrinos have a nonzero mass, not that they are large or heavy.
4These experiments also give the mixing angles between mass eigenstates.
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model. Another result of neutrino flavor oscillation is that the lepton numbers of individual
flavors (see Section 1.3.1) are not themselves conserved, as the flavors can oscillate into one
another. Still, the total sum lepton number is conserved under oscillation. So, as individual
flavor lepton number was once believed to be conserved, it may be that total lepton number may
also be found to be a non-conserved quantity.
The Heidelberg-Moscow collaboration [6] claims to have already measured neutrinoless double-
beta decay, but there is distinct controversy within the scientific community over their particular
measurement and analysis techniques. This controversy in part has driven the community
towards producing a more satisfying answer to this question. The results of another neutrinoless
double-beta decay experiment would act to test the veracity of the Heidelberg-Moscow claim
and refine the Standard Model.
Finally, and perhaps the most important reason to study neutrino properties is that under-
standing the neutrino may hint to us why the universe has such an asymmetry of matter over
antimatter – why it is that matter and antimatter were not created in equal amounts, nor are they
present now in equal amounts. It may be that the neutrino acts differently from its antiparticle,
and this asymmetry, which would be indicated by neutrinoless double-beta decay, would be
responsible, or at very least help explain the matter-antimatter asymmetry.
It is for these reasons that there are many groups positioned to make measurements of neu-
trinoless double-beta decay; it is considered one of the top unsolved problems in the physics
community at this time [7].
1.3. The Standard Model
1.3.1. Brief Historicoscientific Context of the Standard Model
The Standard Model of particle physics proposes a set of particles and laws governing them that
can be used to explain observed physical processes. The CUORE experiment is particularly
interested in probing the fundamental laws which relate to neutrinos.
Unlike electrons, which can interact by electromagnetic, weak, and gravitational forces, neu-
trinos only interact via the weak force and gravity. Neutrinos are exceptionally lightweight
particles, with masses approximately one million times lighter than electrons’, which makes their
gravitational interactions negligible in almost all cases. To close approximation, we can consider
them to interact only via the weak interaction. As with many results in physics, the existence
of the neutrino was neither obvious nor initially well accepted. This is particularly fitting for
neutrinos, which interact only very weakly with their surroundings, making them exceptionally
difficult to detect.
The neutrino was proposed (somewhat desperately) following a result in early beta decay experi-
ments that seemed to indicate that momentum was not conserved. Classically, it was thought that
beta decay was simply a neutron decaying into a proton and an electron. In the center-of-mass
reference frame, the initial momentum is zero, as the particle is always at rest in its own frame.
If the proton decays into two particles, their momenta would necessarily need to be equal and
opposite, forcing them to be ejected in opposite directions. Also, the electron should be ejected
with the mass-energy equal to the mass difference of the proton and neutron. The experimental
result, however, indicated otherwise on both counts! Rather than the electron being emitted
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with this single energy value, there was an entire continuum of energy values with the maximum
measured value being the mass-difference energy of the proton and neutron, as shown in Figure 1.1.
Figure 1.1.: The energy spectrum of beta decay
[8].
In order to maintain that momentum was be-
ing conserved, Wolfgang Pauli proposed the
existence of the neutrino in 1930 [5] in his
famous “Dear Radioactive Ladies and Gentle-
men” letter [9]. This additional particle would
be responsible for soaking up the momentum
needed to allow energy to continue happily be-
ing conserved. This, however, introduces a
new problem: there was no direct experimen-
tal evidence of such a particle!
We now know that neutrinos are commonly
produced as the result of beta decay; this was
the reaction that was first proposed by Pauli.
This kind of decay can happen in two very sim-
ilar ways. The first, is known as beta negative
decay (β−), and is represented as
n→ p+ e− + ν¯. (1.1)
This decay occurs within a nucleus, where one of the neutrons decays into a proton, an electron,
and an electron antineutrino. For example, this beta negative decay would cause Carbon-14 to
decay as:
14C → 14N + e− + ν¯ (1.2)
The alternative is β+ decay, in which an electron neutrino and positron are emitted.
It was not until decades after Pauli’s proposal of the neutrino that experimental evidence of
the particle was shown by Ray Davis in his Homestake Mine experiment. Underground, where
there was less influence from muons and cosmic rays, Davis housed his detector, a large vat of
chlorine-rich perchloroethylene to measure neutrinos emitted by the sun. Davis was measuring
the “neutrino capture” (inverse beta decay) of chlorine, which transmutates to argon, a reaction
suggested by Bruno Pontecorvo in 1946 [10]. The reaction can be described as:
ν¯ + p→ n+ e. (1.3)
A beta minus decay operating in reverse then must be neutrino capture. We can see this in
Figure 1.2, which summarizes decays by atomic number Z (the number of protons in the isotope),
and the number of neutrons N.
As the probability of a neutrino interacting with an atom of chlorine in the detector is quite
small, there were not many such decays expected. Davis was able to measure the handful5 of
argon atoms created, ultimately finding only one third of the amount predicted by Bahcall’s solar
model. This ultimately hinted to multiple neutrino flavors, which his detector only measured one
of. While Pontecorvo had predicted neutrino flavors, Davis experimentally broached the topic.
5In fact, much less than a handful. The expected rate for Davis in his 100,000 gallon tank was 1 Solar Neutrino
Unit (SNU), or approximately 1 capture every 6 days [11].
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Figure 1.2.: A summary of nuclear decays. The β+ and β− decays are of primary interest to
neutrino reactions. The α decay is very significant to signal backgrounds.
We now know that there are three flavors of neutrinos: the electron, muon, and tau neutrinos
(denoted as νe, νµ, and ντ , respectively). This means that, rather than the expression given in
Equation 1.1, we can more appropriately express the decay as
n→ p+ e− + ν¯e. (1.4)
As a bookkeeping measure, we introduce a value that is conserved in all nuclear reactions,
known as lepton number. There is technically a lepton number for each flavor, and the conserved
value is the total lepton number6, which is just the sum of these (though two of the flavor lepton
numbers will always be zero, for any given lepton). A brief inspection of Table 1.1 demonstrates
that particle leptons have positive 1 lepton numbers, and antileptons have negative 1 lepton
number.
The measurement of neutrinoless double-beta decay would indicate that the neutrino is its
own antiparticle. This would be fundamentally interesting as the first experimental evidence of
total lepton number non-conservation. If lepton number is not conserved in all cases, this would
indicate a shortcoming of the Standard Model, which requires further theory to explain.
1.3.2. Standard Model
The Standard Model of particle physics is the result of a coordinated effort to determine the
fundamental forces and particles, and to describe the interactions between them.
Prior to the 19th century, the electric and magnetic forces were clearly distinct from one
6Individual flavor lepton number is not conserved, by neutrino oscillation.
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Table 1.1.: Properties of leptons. All leptons have intrinsic spin 1/2.
Gen. Symbol Name Charge Le Lµ Lτ Mass [MeV] Lifetime [s]
First e Electron -1 1 0 0 0.511 Stable
e+ Positron +1 -1 0 0 0.511 Stable
νe Electron neutrino 0 1 0 0 ∼ 0 Stable
νe Electron antineutrino 0 -1 0 0 ∼ 0 Stable
Second µ Muon -1 0 1 0 105.7 2.197× 10−6
µ+ Antimuon +1 0 -1 0 105.7 2.197× 10−6
νµ Muon Neutrino 0 0 1 0 ∼ 0 Stable
νµ Muon Antineutrino 0 0 -1 0 ∼ 0 Stable
Third τ Tau -1 0 0 1 1777.0 2.91× 10−13
τ¯ Antitau +1 0 0 -1 1777.0 2.91× 10−13
ντ Tau Neutrino 0 0 0 1 ∼ 0 Stable
ντ Tau Antineutrino 0 0 0 -1 ∼ 0 Stable
another; it was Maxwell who recognized that they could be unified as a single, electromagnetic
force which acted in connected but distinct ways. In a similar way, during the 1960s, it was
theorized (largely by Weinberg, Salam, and Glashow, independently from one another) that
the electromagnetic and weak forces were in fact, varying manifestations of a single, unified
electroweak force [12]. That is to suggest that, on the appropriate energy scales, the two forces
can be recognized as different instances of the same fundamental force.
Of course, the “obvious” differences between the nature of these forces immediately brings
a few questions to mind. The relative strengths of the two forces are quite different. How can
the same force seem to act in such varied ways? Also, the electromagnetic force is mediated
by the massless photon, with the fine structure constant as the coupling constant, while the
weak force is mediated by a very massive set of charged and uncharged bosons, with their own
weak coupling constant. This would make the two forces appear totally incompatible. Finally,
digging deeper into the formalities, it becomes even more strange when you recognize that the
fundamental Feynaman diagram vertices of each force are so different.
To fully explain electroweak theory, the result almost always requires the use of group theory.
Rather than delving into this here, we can explore other aspects.
To start, we can do a quick estimate of the effective range of our forces, as a function of the
force carrier’s mass. Using the Heisenberg Uncertainty Principle7, we can show that a process
lasting for time t has an uncertainty in its energy given by
∆E ≥ ~
2∆t
. (1.5)
We can translate this energy uncertainty into an uncertainty in mass as E ≤ mc2. Together, this
implies that,
mc2 ≤ ~
2∆t
. (1.6)
7Keep your hand on your wallet, a la Griffiths.
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Reorganizing, we can equally claim that there’s a maximum lifetime for a particle as a function
of its mass, as
∆t ≤ ~
2mc2
. (1.7)
Since presumably our force carrier can’t travel faster than the speed of light, we can translate
this into a maximum distance travelled by converting our time to a distance, multiplying by c
Rmax ≈ ~
2mc
. (1.8)
This Rmax then is the maximum distance we would expect the force to act over. This explains
why the weak force – with highly massive force carriers – has such a short effective distance scale,
and why the electromagnetic force – with a massless photon force carrier – has an infinite range.
What this doesn’t explain is how the masses became so wildly different. For this, we have to
call on the idea of spontaneous symmetry breaking.
The ansatz of the electroweak unification is that the electromagnetic and weak forces are
propagated by four massless “gauge8 particles”, two charged and two electrically neutral (the
photon and Z0 are neutral, and W± bosons are charged). As we’ve just demonstrated, massless
force carriers give rise to infinitely ranged forces. Since we do not see this today, our explanation
cannot yet be complete – to explain this, we need to rely on symmetry breaking.
The general idea of symmetry breaking is that there was a point in the history of our universe
very shortly after the big bang when in nature, both the energy density and temperature were
extraordinarily high9. Under these conditions, there was a single electroweak force. At this point,
the photon, W and Z bosons were all the same (zero) mass. The universe expanded and cooled
quite rapidly. During this process, there was a so-called breaking of symmetry (the symmetry
of being massless), which gave the weak bosons mass. Fundamental particles (fermions, gauge
bosons etc.) were ultimately described as acquiring their mass through this symmetry breaking,
in something known as the Higgs mechanism. This is distinct from hadrons, which have structure,
and acquire their masses from the internal binding energy. But of course, this cannot be all,
as you would recall that the coupling constants of the electromagnetic and weak forces are not
the same. Interestingly, while electroweak unification draws a deep connection between the two
forces, the different particles still propagate distinct forces.
Electroweak theory was first postulated in 1961 by Glashow, though at the time there was no
experimental evidence to support the idea. It wasn’t until 1983, when the W and Z bosons were
experimentally discovered that the electroweak unification could be fully supported. Since their
predicted masses were on the order of 80-90 GeV, their detection required accelerating particles
(protons, in this case) to energies greater than the mass energy of either of the bosons. In fact, the
energy required to accelerate a proton into a fixed target at these energies was much higher than
what was possible at the time. The main problem is that the resultant products will conserve
momentum and therefore use only part (generally a small part) of their energy for creating the
new particles. To improve the amount of mass-energy that could be imparted to the final state
products, it was proposed that the particles could be simultaneously accelerated towards one
8force-carrying
9A consequence of E = kBT . See [13, pg. 13]
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another, making the lab frame the center of mass frame. This makes the net momentum and
kinetic energy zero, making all the energy available for particle creation. This was experimentally
accomplished by colliding protons and antiprotons within the same collider ring at CERN; their
opposite charges makes it possible to collide them simultaneously in opposite directions. After
two months of operation, the results were shown to be in excellent agreement with electroweak
theory, ultimately resulting in the 1984 Nobel Prize for Carlo Rubbia and Simon van der Meere.
The Standard Model, then, is an organized way of explaining the fundamental forces and the
fundamental particles involved with them. It was developed out of the electroweak unification,
and became more widely accepted following the experimental discovery of the W and Z bosons
it predicted.
The Standard Model also describes neutrinos. Currently, they are described here as Dirac
particles, having distinct particle and antiparticles. This is in contrast to a Majorana neutrino,
which is as being its own antiparticle. This would be a statement that any given neutrino is
capable of annihilating another neutrino of the same flavor. An alternative way of thinking of the
Majorana neutrino is to consider a given neutrino flavor as being the superposition of neutrino
and antineutrino states. Written in Dirac notation, then this could be stated as
|νM 〉 = α |ν〉+ β |ν¯〉 , (1.9)
where α and β give the respective probabilities of measuring the particle as a particle or an-
tiparticle. The particle-antiparticle distinction here is one of helicity10, and it is then merely a
probabilistic statement that a given neutrino may be its own antiparticle. The neutrino then, is
seen as a superposition of particle and antiparticle states.
This is interesting because, for massless particles helicity is not frame dependent, so a massless
neutrino can never look like a massless antineutrino. If neutrinos are massless, then the super-
position must be trivial (α and β must be 1 and 0 for a given neutrino), and neutrinos would
not be Majorana particles, though being massive does not guarantee that they are Majorana
particles. Current experiments indicate that neutrinos do have mass.
If the neutrino is a Majorana particle (and is then its own antiparticle) the experimental
consequence would be that neutrinoless double-beta decay is possible.
10That is, the projection of spin in the direction of momentum.
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2. Application To CUORE: Experimental
Methods
The great tragedy of science. . . the slaying of a beautiful theory by an ugly fact. – T.
H. Huxley
2.1. Bolometric Techniques
In order to measure the decay in question, CUORE uses a technique known as bolom-etry. Bolometers detect the energy deposited into the material by measurement of the
temperature rise; in this sense, it is a literal calorimeter. We expect that1 the energy we measure,
which will be deposited in the energy absorbers, will be from neutrinoless double-beta decay
events. These are predicted to be possible within atoms of tellurium, as described in Section 1.1.
Bolometers in general consist of three main components [14], a particle absorber, a temperature
sensor, and a thermal link.
2.1.1. Particle Absorber
In the case of CUORE, the particle absorber of each detector element is made of a crystal of
TeO2. CUORE is somewhat unique in that the detector is made of the material whose decay
we wish to measure, so it is actually the decay of the detector itself we are measuring. This
technique is referred to as homogenous bolometry, or source = detector [15], because the source
which is depositing energy is also the absorber, whose temperature rise we detect. While a
homogenous bolometer could be used as a general purpose radiation detector, it is inseparable
from the source of decay it is being used to measure. The distinct advantage of this is that there
is a very high efficiency of detection – if an event occurs inside the crystal, there is a very high
chance of detecting it. This is distinct from the heterogeneous bolometer, which can be used as
a general purpose radiation detector and can be operated without a source in place. This style
of detector has an inherently lower detection efficiency, as some of the energy from the decay
may be lost before the particle or radiation enters the absorber.
In fact, as essentially every material is radioactive in some way, the definition of a bolometer as
being homogenous or heterogenous is just a semantic matter of whether the decay of the detector
is of experimental interest, or whether that very same decay is contributing to the background
of another measurement.
1Or hope, at least.
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Figure 2.1.: The bolometric technique [16].
To make this technique usable, the detector must cryogenically cooled below the crystal
absorber’s Debye Temperature. In this regime, the specific heat is proportional to the cube of
the ratio of the temperature and the Debye temperature, as demonstrated in Section 2.2. This
means that by lowering the temperature, the temperature change per unit deposited energy will
be increased. A larger increase in temperature is easier to measure, and makes a more distinct
signature, so it is an advantage to bring the detector temperature as low as possible.
2.1.2. Temperature Sensor
There are several drawbacks to traditional semiconductor doping techniques which make them
unsuitable for CUORE. The temperature sensors used in CUORE are known as neutron
transmutation-doped thermistors, or NTDs, and effectively overcome the shortcomings of tradi-
tionally doped semiconductors.
The method used for growing crystals of germanium is usually a Czochralski method, where a
seed crystal is repeatedly dipped in a molten vat of germanium until a boule is formed2. The
standard technique used for doping semiconductors that have been produced in this way is
to introduce a small amount of the dopant into the melt, while dipping [17]. Unfortunately,
this technique produces a non-uniform distribution of dopants in the NTD [17, pg.934]. This
makes it very difficult, if not impossible, to reproducibly cut a wafer into highly similarly doped,
homogenous chips.
Instead, wafers are exposed to thermal neutron radiation from nuclear reactors, causing some
of the germanium atoms to be transmuted by beta decay or K-electron capture into dopants.
The absorption length of neutrons is sufficiently long in germanium, so the resulting doping is
relatively uniform [17].
Though it doesn’t represent a scientific goal of CUORE, it is interesting to consider that
germanium-76 is also a neutrinoless double-beta decay candidate isotope – as the NTDs are
2This is actually the same technique used for growing crystals of TeO2!
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made of germanium, there is a non-zero3 possibility that the NTDs themselves could also undergo
neutrinoless double-beta decay. Unfortunately, the very small mass of germanium present in
the total detector coupled with the low isotopic abundance of 76Ge in natural germanium would
likely make any meaningful measurement of this decay in CUORE impossible.
2.1.3. Thermal Link
The final main component of a bolometer to mention is the thermal link, which connects the
energy absorbers to the outside world4. The important aspect of the thermal link is that the
strength of the thermal connection to the cryostat is what determines the relaxation time of
the crystal after it has seen an event (which causes the crystal to be warmed). If the crystal is
weakly coupled, it will take longer for the heat in the crystal to diffuse out.
In the case of CUORE, the crystals are mounted in polytetrafluoroethylene (PTFE, more
commonly known as Teflon) holders in copper frames. A thermal model of Cuoricino [18] for
crystals of the same size as CUORE’s found that the total conductance of the PTFE holders
was 6.28 × 10−6 W/K, while the glue and wires had conductances of 4.97 × 10−3 W/K and
1.508× 10−4 W/K respectively. The path of least resistance for heat to escape from the crystal
is not through the PTFE, which have a large contact area with the crystals, but rather, serially
through the glue spots, NTD, and gold wires. As a result, there is some sensitivity of the detector
to the way that the detector has been assembled.
2.2. Application of the Debye Model
The Debye Temperature of a solid is the minimum temperature needed to stimulate the highest
frequency (lowest energy) phonon propagation mode in a solid material [19]. It can be shown [20]
that this value is given by
TD =
hνm
k
, (2.1)
where h is Planck’s constant, k is the Boltzmann constant, and νm is the Debye frequency,
νm =
(
3
4pi
N
V
)1/3
vs (2.2)
where N/V is the number density of atoms in the lattice, and vs is the speed of sound in the
material. As these quantities are fixed for a given solid, it is clear that this property is intrinsic
to the material. When T  TD, the lattice contributions5 to the heat capacity of a solid can be
shown [13, pg. 311] to follow
CV =
12pi4
5
Nk
(
T
TD
)3
. (2.3)
3Non-zero, but effectively zero.
4It happens that it is impossible to avoid this component of the bolometer, as the thermal insulation is never
perfect.
5There are also electronic and magnetic contributions, though as we will see, in this case we can get close without
including these.
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This prediction that CV ∝ T 3 generally agrees very well with low-temperature experiments [13],
and is valid for the regime CUORE is interested in. The obvious implication of Equation 2.3 is
that a modest decrease in temperature can significantly decrease the specific heat of a material.
Halving the temperature would make the specific heat one eighth of the original value, for
example.
In the case of CUORE, the material properties of tellurium dioxide are somewhat fortuitous.
Early efforts by pioneering CUORE members found that TeO2 has a TD of 232 ± 7K [21]. It
would be ideal if TeO2 had a higher TD, as the heat capacity is proportional to the inverse of the
cube of this value, however, this value is not hopelessly low. Fortunately, we can experimentally
compensate by decreasing the temperature at which the experiment is performed.
Given the derived relationship, we can show that the specific heat of a TeO2 crystal is ap-
proximately 1 GeV/(mol·K) at 10 mK. If the signal we are looking at deposits 1 MeV into the
lattice, we would then see a temperature rise of ∼ 220 µK. This is measurable, using our NTDs.
From [21, pg. 313] we see that our rough estimate using the Debye model is then of the same
order as the expected value.
As a final technical note, in order to calibrate the detectors in near-realtime, each crystal has
a device known as a heater glued to the side. These heaters are just resistors, and by running a
known current through them, we can deposit a specific amount of energy into the crystal. We
can then compare the thermistor’s response with the heater’s input to determine the correlation
between the energy deposited in the crystal (by a decay, for example) and the signal measured on
the thermistor. This known correlation allows for fluctuations of the baseline to be corrected for,
but the variation between heaters and the thermal response is complex and not well characterized.
In order to do a full energy calibration then, known isotopes are brought near the detector, and
their spectra are interpreted from the detector response.
2.3. Background Reduction
The extreme sensitivity required to make measurements of neutrinoless double-beta decay make
measurements of almost everything else – desired or otherwise – an experimental reality. In
order for CUORE to make a high-precision measurement, it is imperative that the backgrounds
are very low. There are several distinct sources of significant background, though they are
primarily alpha and gamma radiation. I have contributed to improving techniques of reducing
and maintaining low levels of alpha radiation.
Once a material or part has been chosen for inclusion in the detector, arguably the most impor-
tant thing to do is to clean it. Several of the relevant techniques are mentioned in Appendix D.
Another method of reducing the background was explored in the design and construction of
a test tower in which parts were coated with a specialized plastic, with the intent of reducing
the background from alpha contamination. I will discuss the theory and implementation of this
tower in Section 2.5.
There are several ways that contamination can contribute to a background, for CUORE
(see Figure 2.2). The first is due to bulk contamination. It is anticipated that this should be
relatively small, due not only to strict precursor material requirements which limit the potential
for contamination, but also because the crystallization process tends to force out components
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which do not fit into the regular crystal lattice structure. If there is any contamination within the
bulk of the crystal, it is essentially impossible to remove it once the crystal has been formed. One
advantage of this, however, is that an alpha event that occurs within the crystal bulk structure
will deposit all of its energy into the crystal lattice, where it can be measured. If we know the
energy deposited, we can deduce which isotope decayed to produce the measured signal, allowing
us to discard the signal as background. For isotopes with mid-ranged half-lives, we can see the
activity decay over time. Contaminating isotopes with Q-values outside of the region of interest
can actually act as calibration sources, and are somewhat useful in data analysis.
An alternate source of bulk contamination is cosmogenic activation. It is for this reason that
the crystals are transported from SICCAS to LNGS by surface transport, including ships and
trucks, rather than by plane. The primary reactions of concern here come from the activation
by cosmic ray neutrons6.
Figure 2.2.: Three different types of contamination events that can contribute to the back-
ground [16].
Another form of background is due to contamination on the surface of the crystal. There
are many potential sources of this kind of contamination, such as handling or packaging of the
crystals. Contributions of this nature are, in principal, removable by cleaning the surface of the
crystal. If there is reason to question a crystal’s cleanliness, a technique partially developed
by former Cal Poly students Laura Sparks and Allison Goodsell is used, in which the crystals
are etched in acid and lapped on a crystal lapping machine. It is undesirable to perform these
procedures if not necessary, as it removes a small amount of the crystal, which effectively reduces
the total active mass of the detector. A calculation of the mass reduction from this process is
6The actual neutrons come from high energy cosmic rays interacting with atoms in the upper atmosphere, not
directly from cosmic sources.
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found in Appendix C.
Another form of surface contamination can come from the surfaces of other detector elements
located in the cryostat, particularly those which face the crystals. This contamination is largely
expected from the copper frames and PTFE spacers which hold the crystals in place. This can be
reduced by thorough cleaning procedures, and strict administrative policies that limit handling
and exposure.
When alpha contamination exists on or near the surface of a crystal, it is possible for the
particle to be emitted from the crystal, depositing only a fraction of its energy into the crystal
it started in. If this degraded alpha hits another crystal, the facts that the two events occurred
coincidentally (a multiplicity event), and that the sum of their energy is the Q-value of an
expected alpha decay make it possible to still discern these as background. Figure 2.3 shows
distinct diagonal lines, with each diagonal representing a different Q-value. The sum of the
values along each axis for a point in any diagonal line adds to a constant.
Figure 2.3.: Multiplicity 2 events, with red dots showing events with total energy between 4 and
5 MeV, used during surface analysis, from [22].
For a given multiplicity-2 decay, the total energy of the decay is simply the sum of the energy
measured in each crystal. This can be written as
ETot = E1 + E2 (2.4)
E2 = ETot − E1. (2.5)
As ETot is a constant value, the plot of the energy measured in one crystal as a function of the
energy measured in the other crystal will follow a negatively sloped linear relationship. That
is, if the total energy is constant, increasing the energy measured in one crystal will necessarily
decrease the energy that must have been deposited in the other crystal.
It is also possible, however, that the degraded alpha will simply leave the crystal and hit the
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copper frames, the PTFE spacers, or the cryostat. In this case, only the energy lost by the alpha
particle while it was in the detector will have been measured, rather than the total value. This
leads to a “tail” of degraded alphas, with all energies from ∼ 0 to the Q-value of the decay7.
Because the required level of radioactivity for the crystals is lower than the measurable limit
for many isotopes using traditional counting techniques such as ICPMS, the only way to really
know the purity of the crystals is to run them as bolometers. After being delivered to LNGS, a
semi-random subset of each batch is tested in so-called CUORE Crystal Verification Run (CCVR)
tests. As of the writing of this document, there have been 9 CCVR tests completed and a tenth
currently in progress, with results indicating generally favorable qualities, within the contracted
manufacturing specifications.
A final source of radioactive background is from sources external to the detector. The detector
is surrounded by concrete and lead, but even these are somewhat radioactive – we’re primarily
concerned about the 210Pb that is present. To circumvent this, we provide Roman lead shielding
[23] around the crysotat, which has had many half-lives for the 210Pb to decay away, without
being re-activated by cosmic sources.
2.4. Sensitivity of CUORE
It can be shown that using a simple statistical expression, we can explore the background needs
of CUORE [24]. The sensitivity (S ) of this experiment can be modeled by the expression
S ∝
√
Mt
bΓ
(2.6)
where M is kg of total mass, t is years of total run time, b is background rate in counts per kg
per keV per year, and Γ is the energy resolution in keV. Considering a characteristic square
root curve, we can see that as time progresses, the sensitivity will increase, but at a slowing
rate. This expression is a valuable way of exploring the needs of the experiment, and seeing the
potential impacts of various changes, such as background reduction.
2.5. Parylene Test
It is expected that parts of the detector may in some ways become contaminated by alpha emitters.
In particular, there are many copper parts that directly face the crystals, which could lead to
their contamination contributing to the measurement. In order to combat this, suggestions
by CUORE collaborators Johnny Goett, Ke Han, and Carlo Bucci led to the chemical vapor
deposition of a clean polymer onto the surface of the copper to prevent the crystals from seeing
any alpha radiation.
The vapor deposition process is relatively simple. The entire process takes place under vacuum,
in a specialized chamber. A dimer is heated to vaporize it (150-200 ◦C), then this vapor is further
heated (600-700 ◦C) to break the dimer into monomers. This vaporized monomer then enters
7If the alpha loses enough energy, it can no longer move, and it stops in place to deposit its remaining energy.
For this reason, the tail does not quite extend to 0.
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the main coating chamber, where the parts to be coated have been placed. In the low pressure
environment, it is valuable to imagine each molecule bouncing around in the chamber, rather
than viewing it as a fluid. When one such molecule makes contact with a surface, it has some
defined statistical chance of either bouncing off, or sticking to it. The molecule-surface collision
rate can be adjusted by changing the pressure in the chamber. When the gaseous monomer hits
a molecule of parylene that has already been deposited onto the surface, it may polymerize and
reinforce the coating. It is the large scale polymerization of these monomers onto the surface
that creates the coating.
Inherent to the vapor deposition process is a form of distilling filtration and crystallization
purification. When the dimer is vaporized, potential contaminants can be left behind; regardless,
it is hoped that the dimer is clean to begin with. The dimers we considered were commercially
available, and not prepared in a special way for us. As the large majority of consumers have
no value in low-level radiation measurements of these materials, none were readily available for
comparison. To ensure the quality of the dimers, ICPMS measurements were done of various
manufacturers’ commercially available parylene dimer to choose the dimer presenting the lowest
possible background; the results are shown in Table 2.1. The dimer chosen for the test was
Galxyl C, a Parylene-C dimer.
Table 2.1.: Radiation counting of various parylene dimers.
Parylene Type Pb [ppb] K [ppb] U [ppb] Th [ppb]
Cobra C 50± 17 2700± 900 800± 250 800± 250
CUORE-1 C 300 15 20 8200
CUORE-2 C < 200 < 2 < 20 < 40
CUORE-3 N 200 130 20 20
The Majorana collaboration, another neutrinoless double-beta decay experiment, did some
measurements in the summer of 2011 at LBL to determine the suitability of parylene at cryogenic
temperatures, though for a different purpose. Ankur Dhar was the student primarily responsible
for these measurements. The results were that parylene was acceptable for cryogenic use, but
not ultimately acceptable for their needs.
As we used commercially available dimers, there can be variations in cleanliness by production
batch, so any future use of parylene for this purpose would require testing of each batch.
As alpha particles travel through matter, they impart some of their energy into the material,
reducing their own energy in the process. In order for this coating to be a feasible means of
blocking alpha radiation, the thickness must be at least as thick as the distance at which the
energy is zero. This distance is often referred to as the minimum stopping distance. To calculate
this, we used SRIM, a particle transport modeling software. The results of this showed that
parylene of 45-55 µm could stop a 5.4 MeV alpha, as would be expected from 210Po. 210Po
represents a prominent feature of the alpha spectrum seen by CUORE, so it is natural to choose
this as the benchmark. For this reason, the goal thickness of the coating was set for 50 µm.
The coating machine that we used was a commercially available SCS Labcoter 2 Parylene
Deposition System. This device, shown in Figure 2.4, automates most of the required processes for
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coating. Unfortunately, these devices are not manufactured with ultra-low radioactive background
users in mind; in order to improve this, we implemented several changes.
Figure 2.4.: The parylene vapor deposition machine used for the coating.
The largest problem in the stock design is that it uses an oil pump. While generally not a
problem, oil pumps cause a fine mist of pump oil to slowly coat the inside of the chamber, as
well as covering parts that are being coated with parylene. This oil, when new, is very clean.
However, it has been suggested that as air is repeatedly pulled through vacuum pump oil, the
oil filters out the radon daughters present in the air, leaving them suspended in the oil8. If
any oil backstreaming takes place, this radioactive oil can come in contact with anything in
the chamber, including parts that are coated. To prevent this, we replaced the oil pump with
a scroll pump. Scroll pumps have two tightly matched spirals which, move in such a way as
to squeeze air between them. They are manufactured with very high precision to ensure that
the two scrolls can get as close as possible to each other without interfering. This precision is
actually problematic for us because it presents an extreme sensitivity to any accidental parylene
coating that takes place. To protect the vacuum pump then, we had to implement a means of
preventing the parylene from also coating the scrolls of the pump.
Practically, this means including a more effective cold trap, and a foreline trap. Ultimately,
we never improved the cold trap, because of the massive increase of complexity and expense that
would accompany this modification, and the minimal danger present for the short runtime during
testing. If this method were to be implemented in full CUORE assembly, a more robust solution
would be necessary. For the foreline trap, it was necessary to use copper wool packing, rather
than the highly effective zeolites. It has been shown [25] that zeolites have a relatively high
degree of radioactivity, and there was concern about their ability to contaminate the coating.
8This has not been demonstrated in the literature, but is instead almost universally held as being true.
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For the parylene test run, I cleaned all the copper and PTFE parts, and I glued the female
pins for the frames. I also cleaned the NTDs and heaters used for this test, and glued the NTDs
to the crystals. I took part in the choice of the crystals for the test. For this project, I acted as
an intermediate figure, passing on assembly and logistic information from Tom Banks to Ke, as
they did not overlap on site. Also, I operated and commissioned the coating machine when it
was in Berkeley, so I was easier for me to prepare for its presence onsite. When Andrei, Brian,
and Ke arrived, my help was not as necessary since they were all working on the parylene test,
so I shifted my focus towards the temperature stabilization of the gluing system (Section 2.6.2).
2.5.1. Choice of Parts
The PTFE spacers are the CUORE style, and were cleaned using collaboration standard tech-
niques (these are outlined in Appendix D).
The copper parts were pulled from many different sources. All were cleaned using the col-
laboration’s copper cleaning techniques. The outer shield was formerly used for CCVR tests.
The top plate was formerly used in the Three Towers Test. The frames were CUORE-style, but
had been drilled out to accept pins, as in the Cuoricino style wiring. The male pins had to be
custom cut, and the female pins had to be glued into the frames. The male pins were placed into
the female pins during the coating process, to prevent the parylene from depositing on the area
needed for electrical conductivity of the signal, from the NTD. After coating, the end of each
male pin was removed to reveal the uncoated interior of each. No additional cleaning, aside from
standard techniques was necessary, as the copper should in principle be clean after cleaning, but
also because the parylene should act to block a great deal of the surface contamination. This
makes the preparation of copper many times easier.
The crystals for this test were chosen primarily out of convenience. Two floors were comprised
of CCVR8 and CCVR9, which had been completed but not disassembled. As a result, they
already had NTDs glued in place, and were simply sitting in storage. The third floor was intended
to be comprised of CCVR3, which was the oldest full set of CCVR crystals that had all four
crystals still in the PSA. It is ideal to use all four of the same crystals, to see if the set has the
same characteristics as it had when they were previously run. Upon inspection of these crystals,
it was found that one of them had several irremovable surface defects, so three crystals were
used from CCVR3, and the fourth was supplied from CCVR4.
The NTDs used for the tower were 39C “rejects”. Though this nomenclature may be an
effective way of making the sensors sound unusable, the name simply means that the physical
size of the device, or the size of the gold pads were unacceptable for use in the automated gluing
system of CUORE; the thermistor properties are preserved.
The heaters used for this test were CUORE heaters that had been characterized and bonded
by Chiara Brofferio, in Milan. CCVR tests do not usually use heaters, because the crystals are
usually still high enough in 210Po that they can be calibrated using this. There is a chemical
affinity between polonium and tellurium that makes separation of the two difficult [22], though
the half life is less than half of a year, so it is possible to just wait until the polonium decays
away before using the crystals.
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2.5.2. Assembly Details
The tower was designed to have 2 NTDs per crystal, for a total of 24 NTDs, though only 8 of
these needed to be glued on by us. None of the crystals had heaters before we started assembling
the parylene tower, though it is much simpler to glue a heater on.
Due a to a miscommunication, there was a huge increase in the complexity of the wiring for
the parylene tower. Normally, the heaters are wired together, and each vertical column is heated
simultaneously. However, this was not done, and all of the heaters were wired separately. When
this was recognized before cooling, steps had to be taken to resolve this, and it was ultimately
wired to have one series circuit per column, with wires going to each side of the tower.
It was found after assembly that one gold wire to an NTD was broken and one external wire
was broken. On cooling, one entire crystal was lost. In a detector containing as few crystals
as this tower, it is significant to lose even a single crystal channel. Not only do you lose active
detector mass, you also lose the ability to measure alpha coincidence. This means that degraded
alphas hitting the inactive crystal and those emerging from the surface of the inactive crystal
will not be measurable, making it difficult to determine the origin of the signal.
Though the CCVR8 and CCVR9 crystals had NTDs and heaters in place from their last use,
the four crystals from CCVR3 and CCVR4 still needed both NTDs and heaters. After being
trained by Claudia Rusconi and Tom Banks, I was able to perform the gluing of all 8 NTDs
2.5.3. Results
The parylene test tower was inconclusive. In order to convince the collaboration that the switch
to the parylene coating was preferable to the current high-purity copper production, the result
would have to have been much better than the present techniques, which are well understood. In
an internal talk by Andrei Puiu, the results of the parylene tower were compared to the results
of CCVR tests and the TTT. This has been reproduced this as Figure 2.5. While some of the
measurements are lower than the present values, the result is overall, quite comparable. For this
reason, the parylene method of background reduction has been tabled for the present.
2.5.4. Future Plans
Despite the fact that CUORE did not adopt the parylene coating technique, there is still potential
that the technique could be adopted for future designs, for CUORE, or in other experiments.
One possibility would be to actually coat the crystals themselves in parylene. This would
prevent contamination from other detector components from depositing energy into the crystal
(i.e., alphas from the copper parts), but would also prevent multiplicity events from being
measured, as no degraded alphas would be able to escape the parylene coating. The fact that
these alphas would not escape would be acceptable, however, if they caused the coating to
scintillate, signaling that the event was not from a neutrinoless double-beta decay.
As a polymer composed of phenyl rings, it is expected that parylene could scintillate. The
effect could be amplified by co-depositing a more active scintillator with the parylene coating.
If a light sensor were introduced into the detector (such as a SiO2 coated Ge wafer; see [26]), it
would be possible to detect events from surface contaminating alphas. Including such a detector
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Figure 2.5.: A comparison of the parylene test to the TTT and CCVR runs.
would present a notable increase in complexity, and further study would be required to determine
if this is reasonable.
2.6. Gluing System
In order to attach NTDs and heaters to crystals, CUORE makes use of an automated gluing
system. This system is housed within a large glovebox within the CUORE cleanroom, and can
be seen in Figure 2.6.
The goal of the gluing system is to take bare crystals and glue NTDs onto the crystals in a
robust and repeatable way. After many trial-and-error cold tests performed in the very early
days of CUORE, it was decided that a 3 × 3 grid of glue spots is optimal. These gluing tests
were all done manually, just as all previous test tower crystals were glued. The gluing machine
may enable the large-scale gluing required for the final CUORE assembly, but not without some
complications, which we attempted to address.
There are several main concerns when gluing NTDs. The first potential problem is that too
much glue is applied. When the system is cooled, the glue, crystal, and NTD contract at different
rates. If the NTD has too much glue on it, the glue causes a stress to be introduced, which at
best causes the NTD to fall off of the crystal. A worse, and more common case, is that the NTD
will remain glued to the crystal as well as the NTD, stressing the crystal and often causing a
small chip to be taken from the crystal. This leaves an inclusion in the crystal; although it is
expected that no difference is made to the crystal’s ability to detect neutrinoless double-beta
decay, it is never optimal to damage the crystal. In both of these cases, improper gluing could
lead to the loss of an NTD, and therefore a data taking channel. This is usually noticed only
when the NTD signal has no correlation to the heater signal (because the NTD is no longer in
any thermal contact with the heater). This is equivalent to reducing the detector’s mass by one
crystal, because it will not be feasible to repair the channel after assembly and cooling.
In order to reduce the level of operator subjectivity required in determining the optimal glue
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Figure 2.6.: The CUORE gluing machine. The white anthropomorphic arm handles the crystals.
The two short towers with yellow tubing attached to them (“z-positioners”) control
the NTD chip positioning. The glue is deposited using the cartesian axis on the
right, with the green tip [27].
settings, a computational image recognition system was implemented. This system takes as
input an image of the glued spots, and applies a grid to mark where the spots should ideally be
found.
Another potential problem that was addressed was that the glue shows a strong sensitivity to
temperature fluctuations within the glovebox. These can come from the equipment running in
the glovebox, arms being inserted into the gloves, as well as people being inside the gluing room.
These problems and their solutions are discussed in Section 2.6.2.
2.6.1. Glue Spot Image Verification
During the gluing process, an image of the NTD is taken, both before and after the glue spots
have been applied. An example of such an image is shown in Figure 2.7(a). In order to determine
if the spots are within specified tolerances, we implemented an image recognition system to find
and quantify the sizes of the spots. This must be performed in realtime, to allow the operator
to act before the glue has begun to cure. The glue begins to cure within 30 seconds, so to be
practical, this means the process should take less than two seconds.
Due to its robust image processing libraries, Thomas Gutierrez and I chose to use Mathematica
as a prototyping tool. Ultimately, we also implemented a version of this Mathematica script into
the final running assembly.
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(a) An example of an NTD immedi-
ately after glue spots have been ap-
plied.
(b) A kernel used for im-
age convolution techniques.
This is an ideal spot pattern,
though the characteristic glare
can be seen
(c) A proposed style of image
kernel for use in the image spot
recognition.
Figure 2.7.: Figures (a) and (b) show the NTD after gluing and the style of template that is
convolved with it. (c) shows an abstracted template.
While we initially used standard techniques such as dilation, opening, binarizing, and morpho-
logical feature finding, these techniques ultimately relied too heavily on user-specified tuning,
and were not stable enough for autonomous implementation. Using these tools together, it was
possible to locate the glue spots in any given image, but it was very difficult to produce a robust,
generalized solution. In particular, the lighting can be very dynamic, depending on the surface
finish of the particular NTD being glued, as well as the location of people within the room where
the gluing is done. Any movement of the camera could entirely jeopardize the algorithm that
had been written. This technique also introduced magic numbers which were hand-optimized
numerical values chosen to produce the best result for the most images. In general, these are
undesirable because they are not robust, and we opted to try an image convolution method
instead. This technique relies on the use of a template kernel of the spots, which we compare
with the image itself, and find the position of maximum overlap. The highly distinct pattern of
nine spots makes it a very matchable feature which would be very unlikely to match any other
position in the matrix. Figure 2.7(b) shows the kernel used for finding the spot centers.
The first step that the script performs is to resize the file to speed up file handling and reduce
computational overhead. There is not significant improvement in the output of the algorithm
by maintaining the original image dimensions. The dimensions of the original image are saved
so that the center found in the resized image may be translated back into the original image.
The algorithm then finds not each glue spot, but rather, the center of the location of the square
containing all nine of the spots.
The result of a convolution is shown in Figure 2.8(a). The features that are present are due
to “resonant” effects of the convolution. If, for example, only 6 of the 9 spots were overlapping,
the match would be quite good, and a high brightness point would be seen; moving the kernel in
any direction would produce a (locally) lower agreement. This behavior produces the “echoes”
seen in the convolution.
After finding the position of best match, a grid of ideal spots and tolerance bands is overlaid
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(a) The result of an image convolution. (b) The output from the spot finding algo-
rithm, with the spots highlighted for operator
identification.
Figure 2.8.: Figures (a) and (b) show the result of an image convolution and the output produced
for the operator.
about that point. An example of this is shown in Figure 2.8(b)
To make the algorithm more robust, it has been suggested that alternative, abstracted image
kernels could be used. One such example is the use of a gaussian blurred template image, to
decrease the sensitivity of the algorithm to small fluctuations. An example of another style of
abstract image kernel being tested is shown in Figure 2.7(c). In preliminary tests using this style
of kernel, the results have been quite good, and we expect that they will be used in the future.
2.6.2. Gluing Temperature Stabilization System
As mentioned previously, it was recognized that temperature instability within the gluing glovebox
may have contributed to undesirable gluing characteristics. It is believed that temperature
difference on the order of 1◦C could be sufficient to disrupt gluing.
The general approach used in stabilizing the temperature was to apply a strong systematic
stability, rather than attempt to treat each of the contributing factors. That is, we made no
attempt to reduce the heat output of items in the glovebox, nor to insulate the glovebox from
human effects. Rather, we introduced a balanced set of heating and chilling elements to constantly
keep the temperature stabilized.
The system used two competing elements, a heater and a chiller/heat exchanger. In order to
adjust the power for both of these, a series of temperature sensors are used inside the glovebox.
The chiller is (presently) set to a given temperature, and the fluid is held at that value; that
is, there is no feedback from the glovebox itself. This is a recognized problem, but hardware
limitations make improvements impractical at the moment. In principle, for slow temperature
variations within the glovebox this should be acceptable. The chiller pulls chilled ethylene glycol
through the heat exchanger, where a small fan blows the cooled air through the glovebox.
The heater acts in a different way. The heater is an inline device, heating the nitrogen that is
fluxed through the glovebox before it enters. The heater is controlled by a serial PID controller.
PID controllers monitor a signal (temperature, here), and using proportional, integral, and
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derivative methods, adjust a source (the heater) to stabilize the system. An initial problem we
faced was that the heater would heat the air too much, causing it to melt the plastic tubing
which it was blown through. This was solved by adjusting the PID parameters.
Figure 2.9.: The PID controller, in its housing.
My primary contribution was to write a serial driver, and create an electronics housing for
the PID controller. The PID controller box can be seen in Figure 2.9; this box provides the
necessary electronics to connect several temperature sensors, a heater, and the serial data lines.
I initially approached the serial control using C/C++; it was suggested by Tommy O’Donnell
that a Python library may exist for serial control. Though I had no experience programming in
Python, within a few hours [28] I was able to learn the essentials and write a basic serial readout
system for the device, which logged the temperature and the time of the measurement.
The result of the temperature stabilization efforts is well summarized in Figure 2.10, which
shows the response of the system. To produce this effect, the chiller was set to hold at 16.8 ◦C,
then the air conditioning of the clean room was adjusted from 17 ◦C, to 20◦C, then 23 ◦C, and
ultimately 27 ◦C. Nitrogen was fluxed at a rate of 2 m3/hr [29]. The temperature of greatest
interest in the glovebox is the temperature directly next to the NTDs being glued. An appropriate
alternative to measuring each of the two Z-Positioners is to measure the point directly between
them both. Figure 2.10 displays a great triumph, as it shows that despite the temperature of the
glovebox being forced to higher value, with the stabilization system in place, the temperature at
33
Figure 2.10.: The temperature in the glovebox over time after being forced [29].
the position of the gluing was almost completely unaffected.
2.7. Wire Bonding
Thermosonic wire bonding is a welding process used to join fine wires, in processes known as
wedge bonding and ball bonding. In our implementation, we were joining 20 µm gold wires
to gold and copper pads, to connect the NTDs on the crystals to the external wiring for data
acquisition.
Having the NTDs and heaters bonded is not new to CUORE, but it is different from from
tests, such as Cuoricino and the CCVR tests. In the former tests, the NTDs and heaters were
bonded first in a traditional wire bonding apparatus, then manually glued onto the crystals. For
CUORE, this will not be feasible, as there will be far to many NTDs and heaters to manually
glue each of them. For this reason, they are glued using the automated gluing machine described
in Section 2.6, and they are bonded only after the tower is assembled.
For CUORE, the bonding process is made particularly challenging, because the tower to be
bonded must remain under nitrogen in a glovebox, which makes handling tools and operating
the machine much slower and more clumsy. In a standard wire bonding machine, there is an
optical microscope setup which magnifies whatever is being bonded, but in the CUORE setup,
the only viewing is accomplished through a digital camera. It can be difficult to operate the
gluing machine with this camera, as the operator must coordinate his or her hands and eyes,
with the visual feedback in a direction that is alternate to the actual direction of motion.
Another challenge with the CUORE system of bonding is that the bonds required are very
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long, by any typical wire bonding standards. The distance between the NTDs and the copper
pads in the wiring trays are is longer than the maximum travel distance possible, so a second
operator is needed to move the tower in sync with the bonding operator’s motion.
Additional complication is created by the bonding surface. It is relatively easy to bond gold
wires onto gold that has been deposited onto a hard surface such as ceramic. While the NTDs
are similar to this, as they have gold pads, and are made of germanium, the other end of the
bond is more difficult to perform. The second bond is on a copper trace, etched onto a flexible
plastic backing. The flexibility has a tendency to disrupt the bonding, and cause the gold to
jam the tip of the capillary, which can be time consuming to repair inside of the glovebox.
Finally, for operators accustomed to standard wire bonding, the CUORE wire bonding machine
can be difficult to operate because the bonds are performed “forward” rather than “down”, into
the plane of the wall, rather than the table – the entire machine has been rotated so that the
tower can be reached while bonding. Figure 2.11 shows the bonding machine, both with and
without the glovebox for clarity.
During the winter of 2012-2013, I spent time at LNGS with Chiara Broferrio undergoing a
bonding training session. During this time, we also finalized the procedures outlined in the
bonding manual, which are the official techniques and steps to be taken to perform CUORE
bonds. Many photographs were taken to clarify the procedures. The result of this work was
integrated into the final version of the bonding manual. During the summer of 2013, I will take
part in the bonding of CUORE towers.
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(a) The bonding GB, preparing to bond. (b) The bonding machine, without the GB
in place.
Figure 2.11.: Figures (a) and (b) show the bonding machine, located on the Universal Working
Plane.
36
3. Concluding Remarks
I dare say that’s an idea which has already occurred to you, but with the weight of my
great mind behind it, no doubt it strikes the imagination more forcibly. – Dorothy
Sayers
There are several long-ranging effects of the work described in this report. My timewith the CUORE experiment has allowed me to work on many different projects,
and I consider it to be a remarkable and formative experience in my life. Professionally, the
contributions that have been made are useful to CUORE, and ultimately the scientific community,
but I have also personally gained from my work.
While the background reduction techniques of the parylene test tower were not ultimately
adopted by the collaboration, there are great prospects for the use of this style of background
reduction in a future detector. I hope to have the chance to expand my ideas in other novel
bolometric detectors.
The contributions made to the gluing machine are presently in place. The image recognition
software may require moderate adjustments as the gluing hardware and associated processes
evolve. The temperature stabilization system is now stable and operating.
The wire bonding procedures are now complete, and bonding of the towers is currently under-
way. I will return to LNGS in July 2013 to bond a tower, making use of the manual that was
written and the training I received.
The ability to be part of a collaborative endeavor of such a large-scale physics project has
been very rewarding, and I hope to continue pursuing research goals in this field.
37
A. Current Standard Model
As a time capsule, the basic description of the Standard Model as of 2013 (updated 2000) is
included here [30].
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B. Signal Rate of CUORE
The derivation here is heavily inspired by an unpublished manuscript written by Thomas Gutier-
rez [24].
A radioactive decay is described by a rate equation such that the change in number of ra-
dioactive atoms is proportional to the number in existence at that moment. That is to say
that
d
dt
(N) = −rN (B.1)
where r is the decay rate constant.1 The solution to this is trivial and can be found in any
elementary differential equations text as
N(t) = N0e
−rt (B.2)
where N0 is the initial population of radioactive atoms at time t = 0. As the exponent must
have a dimensionless argument, it is easy to see that r has units of inverse time. It is convenient
to characterize systems by a characteristic time constant τ (with units time), equal to 1r ; this
allows us to rewrite Equation B.2 as
N(t) = N0e
−t/τ (B.3)
It is also often convenient to represent nuclear decays in terms of a half-life τ 1
2
, the amount of
time in which half of any continuously decaying sample will have decayed. This can be found
very simply by presuming that at time t = τ 1
2
, N(t) = N02 , as
N0
2
= N0e
τ 1
2
/τ
(B.4)
Solving for τ 1
2
then gives the half-life as
τ 1
2
= τ ln 2. (B.5)
As the decay rates we deal with are exceptionally low, and rt = tτ  1, it is valuable to take
advantage of the ability to approximate this expression. The power series representation of e−αx
in x is given as
1− α
(
x1
1!
)
+ . . . (B.6)
1You would be keen to note that this is a continuous equation describing a discrete process. Don’t worry – just
apply it to a large enough sample and it won’t make a difference.
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It is therefore reasonable to make the simplification that
N = N0e
−t/τ ≈ N0
(
1− t
τ
)
. (B.7)
We will also define a quantity called signal, which is just the number of observed decays after
time t.
S = N0 −N (B.8)
= N0 −N0
(
1− t
τ
)
(B.9)
=
N0t
τ
(B.10)
The time constant τ then is just
τ =
N0t
S
(B.11)
Recalling our expression for the half-life in Equation B.5, we can then write the half-life in terms
of the signal,
τ 1
2
=
(
N0t
S
)
ln 2. (B.12)
We can rearrange this one last time to give us the expected signal as a function of the half life
and initial population size
S =
(
N0t
τ 1
2
)
ln 2. (B.13)
We can determine the mass of 130Te in CUORE using a simple argument. There will be 988
crystals, each weighing 750 g. of that mass, only a fraction is 130Te.
N0 = (750 g)× (988 crystals)×
(
127.6 g Te
159.6 g TeO2
)
×
(
0.38 g 130Te
g Te
)
(B.14)
= 225 kg (B.15)
We can convert this amount to a number of atoms of 130Te using a simple conversion from grams
to moles. This mass then gives us an N0 of (mTe ×NA). Plugging this into our signal equation
above, and recognizing that the half life of neutrinoless double-beta decay in 130Te is of order
1025 years, gives us a signal of
S =
(
225× 103 g 130Te) ( 1130 mol/g 130Te) (6.02× 1023 atoms/mol)
(1025yrs)
ln 2 = 73
[
counts
yr
]
(B.16)
or 1 count every 5 days. This signal is greater than the actual expected neutrinoless double-beta
decay signal, as this would presume perfect counting efficiency. This is simply an upper limit.
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C. Crystal Mass Reduction by Cleaning
Each CUORE crystal weighs approximately 750 g. The dimensions of each crystal are 5 cm3.
The density of TeO2 is 6.04 g/cm3.
The etching and lapping procedures are designed to each remove 1g of material, making a
total of 2g. Per face then, this is 26 , or
1
3g.
The volume occupied by this mass can be expressed in two ways, as:
V =
m
ρ
= As,1D (C.1)
where m and ρ are the mass and density, As, 1 is the surface area of a single face, and D is the
depth lost to the cleaning. We can then solve for D, as
D =
m
ρAs,1
(C.2)
=
1
3
g× 1 cm
3
6.04 g
× 1
25
cm2 (C.3)
= 0.0022075 cm (C.4)
= 22µm (C.5)
So, then each cleaning removes approximately 22 µm per face. This is potentially problematic
for several reasons.
• Reduces active mass
• Potentially increases vibration, by not fitting in PTFE holders as well
If all of the 988 crystals were to undergo an extra cleaning, the active mass would be reduced
by approximately 2 kg TeO2, the equivalent of losing 2-3 crystals.
The PTFE holders are manufactured to tight tolerances, and must be within ∼ 100µm of the
specified value [31, pg. 17]. For some spacers, a reduction of 20 µm per face, or 40 µm in any
given dimension, could be a large enough difference that the specified PTFE size is no longer
correct, and the crystals may not be held firmly. Certainly, after multiple cleanings, the risk is
increased. If the crystals are not held firmly, they can move, or vibrate; these vibrations may be
picked up as signal, and can act as background as well.
41
D. Cleaning Techniques
In CUORE, there are several standard cleaning techniques, designed for efficient and ultra-high
radiopurity of any detector component and everything that comes into contact with a detector
component. I will outline here the techniques that are currently used for cleaning copper and
PTFE, many of which have also been described by Luca Pattavina [32]. Virtually all the cleaning
described takes place in a heated ultrasonic bath to increase efficiency of cleaning. Many of the
techniques are inspired by those used in the semiconductor industry, and for this reason, there
are several valuable texts in existence on the topic, such as [33].
D.1. Copper Cleaning
There are many copper parts used in CUORE, as the entire tower frame structure which holds
the crystals is made of copper. A sample of the copper parts from one detector can be seen in
Figure D.1.
Figure D.1.: The copper parts cleaned for the parylene test. Note that the frames at right have
the female pins already glued in them.
The copper is first cleaned in a soap solution, using a 1% Micro 90 solution, placed in a
polyethylene bag. This bag is then put into the heated ultrasonic bath for 20 minutes. The parts
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are rinsed using high-purity water (∼ 18 MΩ-cm). The parts are then put into polyethylene bags
containing 5% citric acid solution. Immediately before placing in the bath, “some” hydrogen
peroxide is added – the amount depends on the parts being cleaned and the temperature of the
bath, and is usually no more than 2%. For very small parts such as the wiring pins or bolts, the
hydrogen peroxide may be omitted completely. These are placed in a bath for 20 minutes. The
copper parts are then rinsed very thoroughly, and dried quickly using clean room wipers and
nitrogen. The parts may be baked in a low-temperature oven for drying. After completely dry,
the parts should be stored under vacuum.
D.2. PTFE Cleaning
The PTFE cleaning technique is principally very similar to the copper cleaning. The PTFE
is first rinsed with ultrapure water. Next, it is cleaned using Micro 90 soap, again using a 1%
solution, placed in a polyethylene bag. This bag is then put into the heated ultrasonic bath
for 20 minutes. The soap can be poured from the bag, and the parts may be rinsed repeatedly
in the bag, removing all traces of soap. Following the soap cleaning, a 5% nitric acid solution
is prepared using high-purity nitric acid, and added until the parts are covered. This bag is
then placed in the heated ultrasonic bath for 20 minutes. The waste acid is poured into the
appropriate waste container, and the parts are rinsed thoroughly. A second nitric acid cleaning
is performed, then the parts are rinsed and dried using nitrogen. The parts should be stored
under vacuum, in rigid containers, so that the pressure of the vacuum bag does not bend or
damage the PTFE parts.
D.3. Removal of Epoxy
NTDs and heaters are glued to crystals using an epoxy, and it is occasionally necessary to remove
these devices from the crystal. There are two primary methods used for this, though if possible,
it is best to never have to remove an NTD.
The first method is to use the solvent dichloromethane. Dichloromethane is relatively haz-
ardous, so the appropriate procedures for use and disposal must be followed, as per an MSDS.
It is notoriously difficult to dissolve epoxies, but in this case, it is possible to soften the epoxy
by exposure to dichloromethane. As the cleanliness of the dichloromethane that we used was
not well established, using the smallest amount possible is always recommended. The proposed
mechanism is that, rather than actually dissolving the epoxy, the solvent fills the crosslinked
polymer matrix, acting as something of a plasticizer and swelling the epoxy. This weakens the
joint, making it possible to remove the epoxy. Practically, this is achieved by either pipetting a
small amount onto the the glue, or by setting the crystal NTD-side down into a dish filled with
dichloromethane. Pipetting should be tried first, and often removes the epoxy within minutes
of application. It is less desirable to use a filled dish, as the solvent is very volatile and will
evaporate quickly, reducing the potential for cleaning as well as exposing more of the crystal to
the potentially dirty solvent, however, this allows the epoxy to be continually exposed for long
periods of time.
The alternative method is not preferred, but in some cases is the only possible way to remove
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the epoxy. Using a hot plate, the crystal may be set NTD-side down on the heated surface,
briefly, until the epoxy is softened, usually within seconds. This should be done carefully and
attentively, as it could create thermal stress in the crystal and cause it to crack.
Due to the hazardous nature of dichloromethane, it has been proposed that 2-methyltetrahydrofuran,
a less hazardous solvent with similar properties, could be used in its place. Results of this are
forthcoming.
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E. Code
E.1. Glue Spot Image Recognition
The following Mathematica code is used for the image recognition described in Section 2.6.1.
(∗ : : Package : : ∗)
topPath = ”C:\\ GlueSpotScr ipts \\” ;
path=”C:\\Cuore\ Foto\\Temp\ Jenny\\” ;
outFile = ”C:\\Cuore\ Foto\\Temp\ Jenny\\NTD Mask . jpg ” ;
image = Import [ path <> ”\\NTD. png” ] ;
ninespot = Import [ topPath <> ”/ template2 . jpg ” ] ;
ScaleImage [ img_ , sc_ ] := ImageResize [ img , ImageDimensions [ img ]∗ sc ] ;
scaling = 0 . 5 ;
image = ScaleImage [ image , scaling ] ;
spot = ScaleImage [ spot , scaling ] ;
ninespot = ScaleImage [ ninespot , scaling ] ;
filtered =
ImageCorrelate [ image , ninespot , CorrelationDistance ,
PerformanceGoal −> ”Speed” , Padding −> ”Fixed” ] // ColorNegate //
ImageAdjust ;
(∗ mask graph i c s func t i on p l o t s the mask ∗)
(∗ xc and yc are the x and y coo rd ina t e s o f c en te r c i r c l e o f mask ∗)
(∗ opy i s the opac i ty o f the mask f o r a e s t h e t i c s ∗)
(∗ only standard 9 by 9 ∗)
maskStnd [ xc_ , yc_ , opy_ ] :=
Graphics [{
Opacity [ opy ] , Red , Dotted , Thick ,
Table [{
Ci r c l e [ { ( xc − 1 − 1 \ [ Delta ] ) + ii +
ii \ [ Delta ] , ( yc − 1 − 1 \ [ Delta ] ) + jj + jj \ [ Delta ]} , r0 ] ,
C i r c l e [ { ( xc − 1 − 1 \ [ Delta ] ) + ii +
ii \ [ Delta ] , ( yc − 1 − 1 \ [ Delta ] ) + jj + jj \ [ Delta ]} ,
r0 + \ [ Epsilon ] ]
} ,
{ii , 0 , 2} , {jj , 0 , 2}
]
} ] ;
(∗ mask graph ic cont ruc t i on ∗)
(∗ pre−tuned us ing another program ∗)
pind = 1 ; (∗ known pin width in mm ∗) ;
45
spotd = 0 . 9 ; (∗ expected spot c en te r to cent e r in mm ∗) ;
(∗ pre−measured mask g lue spot rad iu s in p i x e l s ∗)
(∗ r0=25; ∗)
(∗ r0 =136/2; ∗)
r0 = 82 . 6/2 ;
(∗ pre−measured mask pin diameters a long with average in p i x e l s ∗)
d1 = 116 ;
d2 = 116 . 3 ;
d3 = 115 . 3 ;
avgd123 = (1 . ( d1 + d2 + d3 ) / 3 . ) ;
mm2pixels = avgd123 ;
(∗ ca l cuated c a l i b r a t e d center−to−c en te r mask g lue spot s epa ra t i on in \
p i x e l s ∗)
\ [ Delta ] = spotd ∗avgd123/pind ;
(∗ r a d i a l t o l e r an c e r=r0+\[ Eps i lon ] in p i x e l s ∗)
\ [ Epsilon ] = 5 ;
\ [ Epsilon ] = 0 .1∗ mm2pixels ;
(∗ Finds Max ∗)
Export [ outFile
,
Show [{
image ,
maskStnd [ # [ [ 2 ] ] , # [ [ 1 ] ] , . 7 5 ]
& /@ Pos i t i on [ ImageData [ ImageReflect@filtered ] ,
Max@ImageData [ filtered ] ]
} ]
]
Here is a code snippet showing a more dense notation:
G [ imageFile_ , templateGauss_ ] :=
Module [{ pinD , spotD , mm2pixels , mask , r0 , \ [ Delta ] , \ [ Epsilon ] , conv ,
image , pos , final , outFile } ,
pinD = 1 ; spotD = 0 . 9 ;
mm2pixels = (231 .597 + 228.683 + 230 .367) / 3 . ;
r0 = 0.25∗ mm2pixels ;
\ [ Delta ] = spotD∗mm2pixels/pinD ;
\ [ Epsilon ] = 0 .1∗ mm2pixels ;
mask [ xc_ , yc_ , opy_ ] :=
Graphics [{
Opacity [ opy ] , Red , Dashed , Thickness [ 0 . 0 0 2 ] ,
Table [{
Ci r c l e [ { ( xc − 1 \ [ Delta ] ) + ii +
ii \ [ Delta ] , ( yc − 1 \ [ Delta ] ) + jj + jj \ [ Delta ]} , r0 ] ,
C i r c l e [ { ( xc − 1 \ [ Delta ] ) + ii +
ii \ [ Delta ] , ( yc − 1 \ [ Delta ] ) + jj + jj \ [ Delta ]} ,
r0 + \ [ Epsilon ] ]
} ,
{ii , 0 , 2} , {jj , 0 , 2}
]
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} ] ;
image = I f [ FileExistsQ [ imageFile ] , Import [ imageFile ] , Quit [ ] ] ;
conv = ImageAdjust@
ColorNegate@
ImageCorrelate [ image , templateGauss , CorrelationDistance ,
PerformanceGoal −> ”Speed” , Padding −> None ] ;
pos = 0.5∗ ImageDimensions [ templateGauss ] +
Flat ten [ {# [ [ 1 ] ] , # [ [ 2 ] ] } & /@ {Flat ten [
# [ [ 1 ] ] & /@ {#} & /@ {Pos i t i on [ ImageData [ ImageReflect@conv ] ,
Max@ImageData [ conv ] ] } ] } ] ;
final = Image@Show [{
image ,
Graphics [{Red , Point [{ pos [ [ 2 ] ] , pos [ [ 1 ] ] } ] } ] ,
mask [ pos [ [ 2 ] ] , pos [ [ 1 ] ] , 0 . 5 ]
} ] ;
outFile =
FileNameJoin [{ DirectoryName@imageFile ,
FileBaseName@imageFile <> ” Mv3 . 3 . ” <>
FileExtension@imageFile } ] ;
Export [ outFile , final ]
]
E.2. Temperature Control
I wrote a simple python script to log data from the heater, in the temperature stabilization
system, as described in Section 2.6.2. The code has been reproduced here:
# Se r i a l Data Temperature−Logger
# Sam Meijer , with moral support o f Thomas O 'Donnel l
# Thursday 23 Aug , 2012
# Desc r ip t i on :
# Produces a formatted l i s t o f temperature va lue s over time , taken by
# a PLC with a s e r i a l output . This output i s converted to USB with a
# conver t e r dongle be f o r e a c q u i s i t i o n .
# Time i s d i sp layed in UNIX time , temperature i s in degree s Ce l s i u s .
# To adapt f o r a machine running a d i f f e r e n t opera t ing system , the
# ”pp” va r i ab l e w i l l probably need to be changed to r e f l e c t the new
# port ass ignment .
# OSX port= '/dev/ tty . u s b s e r i a l '
# Windows port='COM# ' , where # i s the c o r r e c t port number
# ∗nix port= '/dev/ ttyS# ' , where # i s the c o r r e c t port number
from header import ∗ # see header . py
## User I n i t i a l i z a t i o n s :
pp = ”/dev/ tty . u s b s e r i a l ”
runtime = 10 ; # seconds
# F i l e handl ing setup
fName = fileFinder ( )
errName = ”%s%s” % ( ”Error ”fname )
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fCall = ”%s %s” % ( ” . / RPlot ” , fName )
p r i n t ”Saving to : %s \n” % ( fName )
# S e r i a l communication setup
try :
ser = serial . Serial (
port=pp ,
baudrate=4800 ,
timeout=3,
bytesize=8,
parity= 'O ' ,
rtscts=1,
stopbits=2)
except :
p r i n t ”Error : Problem with s e r i a l port ! ”
p r i n t ” Ensure dev i c e i s connected c o r r e c t l y and c o r r e c t port i s chosen . ”
p r i n t ” Currently , you ' re attempting to read from '%s ' , which f a i l e d . ” % ( pp )
p r i n t ” Better luck next time . . . ”
sys . exit (0 )
# Main th ing s
startTime = time . time ( )
finishTime = startTime + runtime
whi le time . time ( ) < finishTime :
out = ser . read (9 )
out = re . search ( r”\S∗\ s ∗(\S∗) ” , out ) # formatt ing
out = out . group (1 ) # formatt ing
try :
out = float ( out ) # prevents ”V01” er ror−read
t = time . time ( )
p r i n t t , out
saver ( file=fName , temp=out , time=t )
except :
p r i n t ” S e r i a l read er ro r , sk ipp ing . . . ”
saver ( file=errName , temp=”Error read ing ” , time=t )
pass
time . sleep ( . 5 ) # wait time ( in s ) to s ca r e o f f e r r o r s
ser . flushInput ( ) # c l e a r bu f f e r on dev i c e
p r i n t ”Run completed at : ”
strftime ( ” %a , %d %b %Y %H:%M:%S” , localtime ( ) )
ser . close ( ) # c l o s e port
#roo t e r ( fCa l l )
This code relies on a header, which I also wrote, given here:
import serial # s e r i a l data comm
import time # fo r time−stamping
import sys # system commands
import re # regu l a r exp r e s s i on
import os # fo r system c a l l s
import commands # fo r system c a l l s
from time import gmtime , strftime , localtime
import easygui as gui # gui c on t r o l
# Function De f i n i t i o n s
de f fileFinder ( ) :
”Determines which f i l e to wr i t e to ”
t ry :
full = time . gmtime ( time . time ( ) )
yr = full . tm_year
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month = full . tm_mon
day = full . tm_mday
hour = full . tm_hour
min = full . tm_min
sec = full . tm_sec
fName = ”%s %s %s %s %s %s . l og ” % ( yr , month , day , hour , min , sec )
except :
fName = ” log1 . l og ”
p r i n t ”Error choos ing unique log name , s e t t i n g to d e f au l t . ”
re turn ”%s%s” %(” l o g s /” , fName )
de f saver ( file , time , temp ) :
” Saves data po int to l o g f i l e ”
f = open ( file , ”a” )
outStr = ”%3.2 f %3.1 f \n” % ( time , temp )
f . write ( str ( outStr ) )
f . close
r e turn
de f rooter ( call ) :
”Opens root p l o t ”
re turn
49
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